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Abstract
Conventional single layer thin anti-reflective coatings (ARCs) are only suitable for narrowband
applications. A multilayer film stack is often employed for broadband applications. A coating of
multiple layers with alternating low and high refractive index materials increases the overall cost
of the system. This makes multilayer ARCs unsuitable for low-cost broadband applications.
Since the discovery of moth-eye corneal nipple patterns and their potential applicability in the
field of broadband ARCs, many studies have been carried out to fabricate these bio-inspired
nanostructures with available manufacturing processes. Plasma etching processes used in
microelectronic manufacturing are applied for creating these nanostructures at the Rochester
Institute of Technology’s Semiconductor & Microsystems Fabrication Laboratory (SMFL).
Atomic Force Microscope (AFM) scanned surfaces of the nanostructure layer are simulated and
characterized for their optical properties using a Finite-Difference Time Domain (FDTD)
simulator from Lumerical Solutions, Inc. known as FDTD Solutions. Simulation results show
that the layer is anti-reflective over 50 to 350 nm broadband of wavelengths at 0° angle of
incidence. These simulation results were supported by ellipsometer reflection measurements off
the actual samples at multiple angles of light incidence, which show a 10% to 15% decrease in
reflection for 240 to 400 nm wavelengths. Further improvements in the optical efficiency of
these structures can be achieved through simulation-fabrication-characterization cycles
performed for this project. The optimized nanostructures can then serve the purpose of low-cost
anti-reflective coatings for solar cells and similar applications.
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Chapter 1

Introduction

1.

The main goal of this thesis project is to implement low-cost broadband antireflective layers on the silicon substrate. Finite-difference time-domain (FDTD)
simulations were coupled with actual nanostructure creation using Semiconductor and
Microsystems Fabrication Laboratory (SMFL) processes at the Rochester Institute of
Technology (RIT) to optimize the broadband transmission characteristics. The targeted
broadband wavelength is limited to solar spectrum of 350 nm to 800 nm.

1.1 Motivation

Conventional lithographic broadband anti-reflective coatings require multiple
layers and therefore, become too expensive for many low-cost applications utilizing light
sources falling in the 350 nm to 800 nm range. This calls for a novel approach of antireflective layer fabrication with existing high-throughput manufacturing processes.

1

1.2 Objectives
A. Simulate, implement, and characterize a broadband anti-reflective coating formed
by creating statistical nanostructures;
B. Enhance the optical properties of the anti-reflective layer for radiation incident at
multiple angles of incidence; and

C. Optimize the anti-reflective layer through simulation-fabrication-characterization
cycles.

2

Chapter 2

2.

Moth-eye structures as Anti-Reflective Layer

2.1 Anti-reflective Coatings
Transmittance, reflectance, and absorbance are fundamental material properties
that can be locally defined using optical constants [1]. In a homogeneous material, the
internal transmittance is dependent on its absorbance, known as α. The transmittance can
be defined as,
(2.1)
Where I(0) is the incident intensity, I(t) is the transmitted intensity, and t is the material
thickness. Absorbance is given by a logarithmic ratio of incident to transmitted radiant
power through a material and is a unitless quantity. Light travels through different media
at different speeds. The index of refraction or refractive index, n, is the ratio of the speed
of light in a vacuum to the speed of light in the given medium. When light is travelling
from one medium to another, the light bends or refracts. This refraction takes place at the
interface of those two media. It is hardly possible to completely eliminate reflection of
light wherever two different media with different optical densities adjoin. With air as one
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of the media, electromagnetic radiation is reflected at both incoming and outgoing
interfaces when it is allowed to transmit through any given medium.
Both the internal absorbance and interface reflectance constitute to the complex
refractive index n* given as,
(2.2)
where n is the real component of the refractive index and k is the imaginary component
known as the extinction coefficient. k is nonzero for absorbing materials. Perpendicular
incidence interface reflectance, R⊥, for two media at normal incident can then be
determined from a Fresnel relationship as,
(2.3)
All the light that is neither absorbed nor reflected is going to be transmitted
through a material structure. For a certain material structure, the absorbance is fixed.
Thus, to increase the transmission of light through a medium, the reflection loss has to be
reduced as much as possible. Also, this interface reflection can result into unwanted
disturbance such as standing wave effects in the case of photolithography.
Therefore, to minimize the reflection, a layer is coated onto the material surface.
This layer is known as anti-reflective coating (ARC). Based on a specific application,
various types of anti-reflective coatings are employed. Bottom anti-reflective coatings
4

(BARCs) of highly absorbing materials are utilized in photolithography processes for
integrated circuit (IC) fabrication. BARCs utilizing destructive interference for the
elimination of reflectance with k ranging from 0.25 to 1.25 are widely used. The
thickness of these BARCs plays an important role in complete interference destruction
and is determined by the wavelength of operation. Thus, these conventional single layer
BARCs are only suitable for a narrow band of wavelengths. A multi-layer film stack is
often employed for broadband applications. A coating of multiple layers with alternating
low and high refractive index materials make the overall cost of the system to increase.
This makes multilayer ARCs unsuitable for low-cost broadband applications.

2.2 Nanostructures as anti-reflective surfaces
The basic principle of anti-reflective coatings is to form a layer with a refractive
index lower than square root of ns, where ns is the refractive index of the substrate. The
substrate is the actual material through which electromagnetic radiation, such as light, is
required to be transmitted with a minimal reflection. One way to achieve a low refractive
index is by mixing the substrate material with air on a sub-wavelength scale [2].
Whenever the refractive index of the substrate is greater than the refractive index of air,
the effective refractive index of the mixture will always be lower than ns. For example,
5

refractive index of silicon is more than 1 for wavelengths greater than 210 nm. Therefore,
the silicon and air mixture will act as an anti-reflective coating for silicon for a broadband
of wavelengths.
Such a mixture, and in turn a lower refractive index anti-reflective layer, can be
achieved by incorporating nanostructures on the material surface. If nanostructures are
formed with period of nanostructured grating smaller than the wavelength of the incident
light, propagation of the zero-order diffracted wave is possible without any reflection
loss. The mixture of the nanostructures and air on the surface behaves like a
homogeneous thin layer. In this case, the effective refractive index falls between ns and
the refractive index of the medium through which the radiation is incident, ni. The
effective refractive index depends on ns, ni, θi, and the nanostructure features such as
height, width, and period. Hence, by tweaking the nanostructure features, effective
refractive index can be optimized for a given application.
The period of the nanostructures has to be as small as possible and its maximum
value can be calculated by using the grating equation given as [2],
(2.4)
Where, Λ is the nanostructure period, λ0 is the vacuum wavelength, and Φ is the
azimuthal angle of incidence.
6

On the other hand, the height of the nanostructures, h, defines the longest
wavelength limit for the layer and is given as [3],
(2.5)
If the above equations are satisfied, reflectivity can be minimized to less than 0.5% in the
given wavelength band. For wavelengths between 350 nm to 800 nm, the period has to be
smaller than 150 nm and height of the structures has to be greater than 400 nm.

2.3 Moth-eye structures
Bernhard et. al. first presented initial studies on a corneal nipple pattern in insect
compound eyes in 1962 [4]. It was found that the corneal surface of the eyes of the
nocturnal moths is completely covered by somewhat hexagonal congruent cone-shaped
protuberances. The height and the period of these structures were approximated around
200 nm. It was also found that such structures are unique to insects belonging to certain
families and were absent in cases of other insects, as shown in Figure 3.1.

7

Figure 2.1: (A) Electron micrograph of a night moth cornea sectioned normal to corneal
facet surface, (B) Magnified (A) micrograph, and (C) Electron micrograph of a bee
cornea sectioned normal to corneal facet surface [4].

It was assumed that these structures affect the transmission of light. In 1967,
Bernhard experimentally proved that such structures substantially reduce the reflection of
light and produce an increased transmission within the visible spectrum [5]. The purpose
of this fully developed nipple pattern is not only to increase the visual capacity but also to
serve as a better camouflage against predators. Figure 3.2 shows SEM pictures of motheye surface covered with fully developed nipple array.

8

Figure 2.2: Scanning electron microscopic pictures of the surface of a night moth eye at
various magnifications [5].

9

Chapter 3

Implementation of Moth-eye structures

3.

The discovery of moth-eye nipple patterns shows great promise for creating lowcost broadband anti-reflective surfaces. The challenge lies in the actual fabrication of
these structures on sub-wavelength scale. For wavelengths 350 nm to 800 nm, the period
has to be smaller than 150 nm and height of the structures has to be greater than 400 nm.
There are several methods to fabricate such structures including photolithography,
nanoimprinting, and plasma etching.

3.1 Photolithography
Microelectronic photolithography processes can be used to fabricate moth-eye
structures. This method would defeat the purpose of creating low-cost coatings as
lithographic processes are usually complex and expensive [1]. Also, optically patterning
features less than 300 nm would be very hard at SMFL.
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3.2 Nanoimprinting
Periodic surface-relief structures can be formed by using embossing techniques
[6]. It makes use of a template for patterning desired surfaces. Once a proper template is
patterned, this embossing technique is simple and inexpensive. The template is patterned
using very expensive, high resolution, low throughput electron beam lithography or
focused ion beam. Less expensive photolithographic patterning processes can be
employed if the desired resolution is achievable using given optical tool set. Using this
template, high resolution and high throughput surface patterning is achieved by
patterning a large area at a time. Figure 2.3.2.1 shows an example of the nanoimprint
technique to form surface-relief structures.

Figure 3.1: Typical nanoimprint lithography thermal pattern transfer process where (b) is
a template and (c) is the replicated pattern on a substrate [6].
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A major problem related to this technique is that only the pattern on the template
can be replicated each time and there is no possibility of creating random structures that
are different from the previous replication cycle. If any changes to the pattern are
required, a completely new master template has to be manufactured. Disadvantages, such
as wearing of templates, dependency of pattern transfer on the type of functional material
in use, and long time for replication due to heating and cooling cycles, make this
technique less popular for creating moth-eye nanostructures [6].

3.3 Physical vapor deposition
Low-cost manufacturing of stochastic surface-relief structures is possible by using
physical vapor deposition (PVD) processes [2]. These surface-relief structures can then
be used as templates for creating subsequent low-cost large-area moth-eye patterns by
means of embossing. This technique is similar to nanoimprinting and hence the
disadvantages of fabricating nanostructures using nanoimprinting also hold true for this
technique.

12

3.4 Plasma etching processes
Bio-mimicry of moth-eye nanostructures to serve as an anti-reflective layer has
been tried for last few decades [2, 3, 5, 7]. Nanostructure formation is possible using
plasma etching processes [3]. The material that needs to be patterned is deposited on the
substrate. A thinner layer of a masking material is deposited such that a conformal
coating of this layer is avoided and instead deposition of nanoparticle clusters is attained.
When the base layer is etched with nanoparticles as mask, the nanoscale pattern is
transferred on the base layer. If these processes are performed at specific deposition and
etch conditions, these nanoscale patterns will result in grass-like structures. Such
structures behave as broadband anti-reflective coatings, similar to the moth-eye corneal
nipple structures.
In order to enhance the light transmission further, moth-eye-like corneal nipples
with roughness on their sidewall have been investigated in recent studies [7]. These
studies show that the features with roughness at the similar scale to that of the nipples
enhance the anti-reflective properties of the layer. FDTD numerical simulations were
carried out to differentiate the optical characteristics of conventional moth-eye structures
from nanostructures with sidewall roughness. Figure 3.2 shows 2-dimensional device
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structure and simulation results that clearly show the enhancement in light output
efficiency for the improved nanostructures.

Figure 3.2: FDTD simulation data. (a) Conventional moth-eye nanostructures with flat
sidewalls. (b) Improved moth-eye nanostructures with sidewall roughness.
(c) Comparison of the simulation results of the reference device without any
nanostructures to devices with above-mentioned improved moth-eye nanostructures [7].

A combination of self-assembly and reactive-ion etching (RIE) was employed to
fabricate the improved nanostructures. A thin layer of base material was deposited using
the sol-gel technique on a glass substrate. A high refractive index silicon nitride layer
with n of 2.0 was deposited on the base layer. A masking layer of silicon dioxide
nanoparticles of 400 nm is coated on the nitride layer to function as an etch mask. RIE of
silicon nitride with oxide etch mask creates desired nanostructures with sidewall
14

roughness. The unwanted silicon oxide nanoparticles are finally removed to finish the
fabrication process. Figure 3.3 shows SEM image of fabricated nanostructures.

Figure 3.3: An SEM image of the improved moth-eye nanostructures, fabricated using a
combination of self-assembly and RIE processes [7].

The sidewall roughness can easily be seen from this image. Also, due to the use of
low-cost high-throughput manufacturing processes, this process is more-suited for
creation of large-area nanoscale patterns when compared to conventional e-beam
lithography [1].

15

Chapter 4

Evaporation of Masking Material

4.

In microelectronic device fabrication, the focus is almost always on eliminating
impurities at each step. Clean substrates and proper film deposition processes are desired
to fabricate reliable devices with very high yield. W. Kern Ed [10] has stated that there
are three types of wafer contaminations: particulates, films, and trace quantities of
contaminant substances in atomic or molecular form.
A variety of films can be deposited or thermally grown on given substrate. As
cleaner and low-defect films are sought, process engineers and industry professionals
have come up with film deposition guidelines that yield in very low particulate defect
densities and film imperfections by avoiding certain operating conditions. However, for
the purpose of this project, it is important to utilize these operating conditions to fabricate
low-cost moth-eye structures.
If a given substrate is coated with nanoparticles of masking material without
forming a continuous film, it may be possible to etch the substrate with masking material
on top and fabricate rough surface similar to moth-eye structures. For the ease of
deposition and removal of nanoparticles from the surface of silicon substrate, aluminum
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is used as the masking material. It is possible using SMFL’s toolset to deposit a very thin
film of aluminum or aluminum oxide using physical vapor deposition (PVD) technique
and at the same time, control the size of deposited nanoparticles to avoid formation of
continuous film. Carl Herrmann Associates (CHA) Industries’ Flash evaporator is used to
deposit aluminum on silicon as well as quartz samples while CHA E-Beam evaporator is
used to deposit aluminum and aluminum oxide on the samples.
Flash evaporator is a thermal evaporation system that deposits aluminum using an
aluminum wire feed on a heated bar. Typically a wire of aluminum with 1% silicon on a
spool inside the tool is used. Pure aluminum can be evaporated by winding a wire of it
over the spool. In-situ quartz crystal is used to measure the actual deposited film
thickness and also to calculate the deposition rate. Wafers or samples are loaded onto a
planetary dome, as shown in Figure 4.1 below.

Figure 4.1: Planetary dome on CHA Flash and E-Beam evaporators.
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This dome provides substrate revolution to ensure uniform film coatings
throughout the surface of the samples. The tooling factor is 67% for CHA Flash
Evaporator planetary. Once the samples are loaded, the rough pump is first turned ON to
start the evacuation of the bell jar. The high Vacuum (Hi-Vac) pump is automatically
turned on at crossover pressure of 4x10-2 Torr. Evaporation process can be started at a
pressure as high as 3x10-5 Torr. However, if the pressure goes above this value during
evaporation, Flash source automatically shuts OFF. It is common practice at SMFL to
wait for pressure to drop as low as 10-7 to 10-8 Torr. This ensures minimum
contamination and uniform coatings of aluminum. For this project, it is more desirable to
deposit films that are not continuous and also to incorporate contaminants to help deposit
aluminum nanoparticles.
The planetary rotation is turned ON during deposition to have same film thickness
deposition on different locations on the samples. The power knob is adjusted to 0200A/0-50V position, with deposition mode set to current. Control knob is used to vary
current flowing through the heated bar. Higher current gives faster deposition rates but
results in non-uniform films. Either automatic or manual endpoint shutter mode of
operation is used.
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The electron beam evaporator available at RIT’s SMFL is equipped to deposit not
only metals such as aluminum but also insulators such as aluminum oxide (Al2O3) and
silicon dioxide (SiO2). The evaporation sources are kept in glassy coated carbon graphite
crucibles. The film thickness monitor requires programming for the given evaporation
source in order to provide accurate film thickness and deposition rate readings. The
density of the material and the Z-ratio must be entered in the monitor. The Z-ratio is the
ratio of acoustic impedances of the crystal and the given material. It eliminates the
acoustic mismatch error that occurs from using different deposition materials than the
material crystal is made of. This information for common sources is given in the table
below.

Material

Density (g/cm3)

Z-ratio

Al

2.70

1.080

Al2O3

3.97

0.336

SiO2

2.20 - 2.70

1.000

Table 4.2: Material properties of evaporants.

The tooling factor for the CHA E-Beam Evaporator tool is 82.7%. Evaporation
process is carried out by first turning the Thermonics power supply ON. The emission
control knob has to be all the way down to start, until the power supply is energized and
19

green ready light is lit. Beam current can slowly be increased using the emission knob to
see the illuminated beam on the crucible. Beam can be adjusted at the center of the
crucible using XY position sweep control knobs. Once centered, size of the beam can be
changed using XY amplitude knob. The shutter is opened for the deposition to start and
closed when the required amount of source material is evaporated on the sample. At the
end of the evaporation process, first turn the emission knob OFF, then XY amplitude, XY
sweep, and Thermonics power supply respectively. The deposition rate is usually a
function of beam current, location and amplitude of the electron beam on the source, and
the amount of evaporation source in the crucible.
Deposition of aluminum is also performed using Consolidated Vacuum
Corporation (CVC) 601 DC sputter tool to compare results obtained from evaporation
tools to the sputter tool. 4” silicon wafer is mounted on 100mm platen. 8” AlSi target is
used for aluminum deposition. Target is presputtered for 180 seconds to remove native
oxide and other contaminants as well as to stabilize the system. The actual sputtering is
then carried out to deposit film with desired characteristics.
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Table 4.2 gives a summary of film deposition runs carried out to deposit masking
materials on various samples.
Run ID

Tool

Material

Base Pressure
(Torr)

Glass 1

Flash

Al + 1% Si

9.0 X 10

Glass 2

Flash

Al + 1% Si

1.2 X 10

Dep. Rate
(A/sec)

Thickness
(nm)

-6

50.0

44.3

-5

35.0

14.5

-5

25.0

7.5

-5

2.6

51.0

-6

3.0

2.5

-7

0.6

6.7

-7

0.5

10.6

-7

25.0 – 30.0

14.9

-5

1.7

10.0

-6

1.2

6.7

-6

1.5

2.5

-5

4.8

15.0

Glass 3

Flash

Al + 1% Si

2.0 X 10

Glass 4

E-Beam

Pure Al

1.5 X 10

Quartz 1

E-Beam

Pure Al

1.4 X 10

Quartz 2

E-Beam

Quartz 3
Quartz 4 +
Si 1
Quartz 5
Si 2
Quartz 6 +
Si 3
Quartz 7 +
Si 4

1.6 X 10

E-Beam

Pure Al
Al2O3

Flash

Pure Al

9.0 X 10

E-Beam

Al2O3

1.0 X 10

6.6 X 10

Flash

Pure Al

1.0 X 10

E-Beam

Pure Al

1.0 X 10

CVC601

Al + 1% Si

1.0 X 10

Table 4.2: Deposition runs summary.
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Chapter 5

Dry Etch and Design of Experiment

5.

Etching is a process of removing certain exposed material that is not protected by
a masking material layer and thus transferring a precise pattern onto the underlying
material. Dry etching processes offer very anisotropic etches as compared to wet etching,
but selectivity for wet etch processes is usually better than dry etching. For high aspect
ratio etching such as the one desired for this project, a type of dry etch technique called
reactive ion etch (RIE) is best suited. RIE utilizes a physical etching mechanism such as
glow-discharge sputtering as well as a chemical etching mechanism such as plasma
etching. Both ion energy and gas reactivity are high in this type of etch mechanism and
thus results in achieving high selectivity while maintaining the controlled anisotropic
etching property.
A Trion etcher is available at RIT’s SMFL for etching 100 mm, 150 mm, or wafer
samples with the help of carrier wafers. It is a load locked system with argon, oxygen,
CHF3, and CF4 gases available for RIE of given samples.
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To keep the cost of the process low, a 4” silicon wafer with thin film of aluminum
evaporated on it is cleaved into 15 pieces. A Box-Behnken DoE was set up for etching
these samples. Most important factors for RIE are base pressure, etch time, and RIE
power. A ‘Zero Etch’ recipe is generally employed by SMFL users to create 1st level
marks onto wafers for stepper alignment. It uses aluminum as masking material for
etching SiO2/Si substrates. This recipe serves as a good center point for this DoE. The
Zero Etch recipe is as follows,

RIE Power: 125 W
Base Pressure: 150 mTorr
Gas Pressures: O2 = 10 sccm
CF4 = 25 sccm
CHF3 = 50 sccm
Ar = 0 sccm
Etch Rate: 50 nm/min for Si
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Some of the initial etch runs showed that the introduction of Argon helps achieve
rougher features on the sample surfaces. Introduction of Argon results in additional
physical etching mechanism through high ion energy sputtering.
Box-Behnken DoE for lot 300 is given in the following table.

Run #

RIE Power
(W)

Etch Time
(sec)

Pressure
(mTorr)

302

+

-

0

307

-

+

0

304

+

+

0

311

-

0

-

308

+

0

-

301

-

0

+

310

+

0

+

312

-

-

0

306

-

0

0

314

+

0

0

303

0

-

-

309

0

+

-

305

0

-

+

313

0

+

+

315

0

0

0

Table 5.1: Box-Behnken experimental design for lot 300.

Where,
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DoE Notation

RIE Power
(W)

Etch Time
(sec)

Base Pressure
(mTorr)

-

(low)

100

60

100

+

(high)

175

300

200

(center)

125

180

150

0

Table 5.2: Details of lot 300 experimental design specifications.

Based on the results of this DoE, a few changes were made to another BoxBehnken experimental design for lot 400. This design is given in the table below.

Run #

RIE Power
(W)

Etch Time
(sec)

Pressure
(mTorr)

*Note

402

+

-

0

Double Etched

407

-

+

0

404

+

+

0

411

-

0

-

408

+

0

-

401

-

0

+

410

+

0

+

412

-

-

0

406

-

0

0

414

+

0

0

403

0

-

-

409

0

+

-

405

0

-

+

413

0

+

+

415

0

0

0

Table 5.3: Box-Behnken experimental design for lot 400.
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Double Etched

Double Etched

Where,

DoE Notation

RIE Power
(W)

Etch Time
(sec)

Base Pressure
(mTorr)

-

(low)

125

60

100

+

(high)

175

300

200

(center)

150

180

150

0

Table 5.4: Details of lot 400 experimental design specifications.
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Chapter 6

Aluminum Wet Etch

6.

Wet etching of aluminum is a very important step in the process flow. Even
though it is one of the easier and most straightforward steps, etch duration has been found
to play a key role in the final surface roughness. A dry etch RIE process was employed
prior to this step to create deep trenches in silicon with aluminum as masking material.
Since the goal of the project is to create an anti-reflective layer, it is essential to remove
highly reflective aluminum nanoparticles from the surface of the substrate.
RIT’s SMFL has an aluminum etch wet processing bench that contains Transene
Aluminum Etchant Type A, which is a mixture of 10 wt. % water, 80% phosphoric acid,
5% nitric acid, and 5% acetic acid. The chemistry is heated to 40 °C and the etch is
usually performed until all the exposed aluminum is removed. It is a common practice to
let the samples sit in the chemistry a little longer for about 10 to 20 % overetch.
However, this has seen to be detrimental for rough surface features. This is because
silicon also etches in this chemistry. Overetch results in removal of very small features in
the orders of 30 to 50 nm, present on the surface of the samples. Aluminum wet etch for
about 15 to 20 minutes, depending upon the sample is found to be ideal in terms of
aluminum etch and final surface features.
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Chapter 7

Metrology

7.

7.1. Ellipsometry
Ellipsometer is a metrology tool useful in determining film thickness and optical
constants of given films and substrates. It measures delta and psi to perform complex
data analysis. Delta, also known as del, is measured using the phase difference between
p-waves and s-waves induced due to the reflection of initial wave off the film. Psi, on the
other hand, is the ratio of amplitudes of the two wave components. RIT’s SMFL has J. A.
Woollam

Company’s

WVASE

variable

angle

spectroscopic

Ellipsometer.

Monochromator on HS-190 Light Source of the tool is capable of producing waves from
240 nm to 1300 nm wavelength. Reflection can be measured off a given film/substrate at
angles as low as 15 degrees up to 85 degrees.
WVASE can be used to fit optical constants such as n and k using standard
materials database. Figures 7.1 and 7.2 show that n and k values for thermally and e-beam
evaporated aluminum are slightly different than each other but match with the model fit
for inputted film stack. The difference in optical constants is because of difference in film
properties of these evaporated films such as thickness, uniformity, grain size, and
composition.
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Figure 7.1: n and k values for thermally evaporated aluminum.

Figure 7.2: n and k values for e-beam evaporated aluminum.

Optical constants change considerably with change in film thickness for films
deposited using same evaporation technique. It is proved by figures 7.3 and 7.4 below.
Shang et al [11] demonstrated in 2011 that optical constants obtained from ellipsometer
fitting data for thin aluminum films of 2 to 16 nm depend on the film thickness.
Moreover, ultrathin films of 2 to 3 nm thickness show very different optical properties
from that of the thicker films studied by the group.
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Figure 7.3: Model fit for 10 nm e-beam evaporated aluminum.

Figure 7.4: Model fit for 20 nm e-beam evaporated aluminum.
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7.2. Atomic Force Microscopy (AFM)
Atomic force microscopy is a type of scanning probe microscopy useful for
surface characterization. AFM consists of a very sharp tip, usually made of silicon or
silicon nitride cantilever microelectromechanical (MEMS) structure. This tip physically
scans over the sample’s surface. Either contact mode or tapping mode of AFM operation
can be selected depending on the type of sample and other process requirements. The size
of the tip’s curvature is very important in acquiring high resolution images.
RIT’s Advanced Materials Lab has a Dimension 3000 (DI3000) AFM system.
This tool is used to analyze surfaces of etched samples to find the surface roughness and
the structure of the roughness features. Figure 7.5 below shows the operating parameters
used for capturing AFM data for this project.

Figure 7.2: Nanoscope control image capture setup parameter settings for AFM scan.
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Chapter 8

8.

Finite Difference Time Domain (FDTD) Simulations

The Finite-difference time domain method makes use of Fourier transform to
obtain the frequency solution and, therefore, enable calculation of optical characteristics
of electromagnetic radiation when dealing with complex geometries [8]. These optical
characteristics include transmission and reflection of light, which will be helpful in
analyzing the moth-eye structures for this project.
Two and three dimensional Maxwell’s equations can be solved by FDTD Solutions
simulator from Lumerical Solutions, Inc. It allows user to input predesigned structures to
build complex geometries or the user can create structures using powerful scripting
methods, similar to Matlab scripts. The electromagnetic fields are solved as a function of
time. Calculation of electromagnetic fields through either linear or non-linear dispersive
media is performed with the help of Fourier transforms. The calculated electromagnetic
fields are function of either frequency or wavelength, depending upon the simulation
setup.
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8.1 Physical Structures
The actual devices that are to be modeled can be defined using the structures tab in
the FDTD solutions. The predefined physical structures such as triangle, rectangle,
polygon, circle, sphere, pyramid, and ring can be added in 2D or 3D forms. 3D versions
of the objects require specific height in z-direction along with 2D x-direction and ydirection data. Along with the predefined structures, user can create customized primitive
surfaces that are specified via parametric equations. These equations essentially describe
the boundaries of the defined object. Objects can be imported from external data files
such as images in JPG or PNG format, or surfaces from atomic force microscopes. This is
especially important to back calculate the ideal data from actual experimental results, and
in turn, check the accuracy of the simulation package. Lumerical FDTD Solutions
simulator uses lookup tables of refractive indices of different materials at different
wavelengths. User can import refractive indices calculated in another software package.
It is also possible to build composite systems and objects with the help of structure
group. An object or group of objects can be replicated in desired directions for setting up
a structure group. The advantage of this type of modeling is that properties of all or
specific objects in a given group can easily be edited in a single step.
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Material tab in the structures allows user to change the given object’s material
properties, either by selecting predefined materials or by defining newer materials. Also,
mesh properties of an object are adjusted to help optimize the simulation accuracy and
speed.
The most powerful feature of Lumerical FDTD simulations is the scripting
language. Script tab in the structures is helpful to set up a structure or edit properties of
already modeled structure in a structure group. Properties of the structures can easily be
altered before or during the simulation for device optimization. This feature is exploited
the most for this thesis project.

8.2 Simulation objects
Objects that lie within or partly within a region, called the simulation region, are
simulated. These objects include physical structures, radiation sources, and measurement
monitors. Only the contained-parts of any object included in the simulation region are
considered. A warning message is displayed when any one complete source or monitor
falls outside the simulation region. Simulation objects define the size of the region,
boundary conditions, mesh sizes, and simulation time. Mesh override region settings are
employed to adjust the desired mesh sizes to achieve optimum simulation accuracy.
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Simulation time is the maximum time for which the simulation will be performed and it
has to be greater than anticipated simulation time, such as complete temporal decay of a
radiation source. Background index setting helps change the ambient from air to the
necessary medium.
The different boundary conditions supported by FDTD solutions are perfectly
matched layer (PML), metal, periodic, Bloch, symmetric, and asymmetric.
8.2.1 PML
This is an absorbing boundary condition, where all the electromagnetic energy
incident upon the PML boundaries is absorbed with as low reflections as possible. This
allows the radiation to propagate out of the simulation region, lowering the interference
of these unwanted fields with actual incident electromagnetic radiation. The key to lowest
reflections is to employ optimum PML boundary layer thickness as thicker layers result
in slower simulation speeds and increased memory requirements. This project will make
use of PML boundary conditions.
8.2.2 Metal
As opposed to PML, this boundary condition provides highly reflective layers with
no energy escaping out of the simulation region.
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8.2.3 Periodic
When dealing with periodic structures and electromagnetic fields, periodic
boundary conditions are most useful. Structures can be periodic in only one direction or
multiple directions. But it has to be made sure that there is no phase shift between the
periods.
8.2.4 Bloch
When dealing with periodic structures and electromagnetic fields with shifting
phases between given periods, Bloch boundary conditions should be employed.
8.2.4 Symmetric
Simulations involving one or more planes of symmetry with both the structure and
the source are symmetric, this boundary condition is most suited. The boundaries are
mirrors for the electric field while they are anti-mirrors for the magnetic field. The source
should exhibit similar symmetry with the boundary condition. These conditions are also
helpful for simulating moth-eye anti-reflective structures.
8.2.4 Asymmetric
These are similar to symmetric boundary conditions except that the boundaries are
anti-mirrors for the electric field and mirrors for the magnetic field.
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8.3 Radiation sources
Radiation sources define the electromagnetic incident radiation input for the
simulator. These are the sources to Maxwell’s equations for producing electromagnetic
fields. Different types of sources available are point/dipole, Gaussian, plane wave, totalfield scattered-field (TSFS), and mode sources. A radiation source from ASAP raytracing design environment can be imported into FDTD solutions simulator 3dimensional design environment.
An electric dipole or a magnetic dipole can be selected as a point source. Base
amplitude, total amplitude, phase, theta, phi, and polarization are different point source
characteristics. Base amplitude is always fixed for a given point source but its total
amplitude is a product of user-specified amplitude and base amplitude. The total
amplitude is taken into account while simulating the objects. Phase separation of multiple
electromagnetic radiation sources is employed by modifying the phase property of each
source individually. Angles of a dipole vector are defined with the help of phi, theta, and
polarization properties. The Gaussian source is useful for injecting a beam of
electromagnetic radiation, propagating in a specific direction. Gaussian beams have no
fields in the direction of propagation. Thin lens sources are more ideal for highly focused
beams, where beams are injected along a line perpendicular to the direction of wave
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propagation. On the contrary to a Gaussian source, a plane wave source injects laterallyuniform radiation.
The simulations for this thesis project also made use of TSFS source. This source
allows the simulator to divide the simulation region into two sub-regions, where one of
the sub-regions only deals with the scattered fields. As the scattered fields are analyzed
separately, total absorbed energy by a medium is calculated more precisely. Absorbed
energy will then be equal to the difference of the actual injected electromagnetic energy
and the total of transmitted and scattered energies. Boundary conditions play an
important role in TSFS source simulations as everything outside the boundary is
considered scattered field.
Frequency/Wavelength tab allows user to modify wavelength, frequency, or
temporal properties of the radiation source. For this project, a wavelength range will be
specified and according to this input, the simulator will generate an optimum wave of
given frequency and temporal properties. It is important to verify that the wave has
totally diminished in a given simulation period. User can override the temporal
properties, if required. The wave is usually generated such that it does not have any
discontinuities at start and end of the signal.
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8.4 Measurement monitors
Monitors are the measurement units of the simulator that sense the electromagnetic
radiation from specified directions. The frequency domain information inside the
simulation region is measured in given data range and with given resolution. Data such as
complex refractive indices, temporal or spatial information, and motion pictures of given
field components is gathered using various measurement monitors. Frequency-domain
power monitors are used to capture individual field components, pointing vectors, and
power flow as a function of frequency and power. Creating monitors for groups of
objects, for ease of setup and processing, is possible by implementing analysis groups.

8.5 Simulation Setup
The initial numerical simulations of simple moth-eye nanostructures are carried
out using FDTD Solutions simulator. Light enhancement properties of structures built of
different materials such as silicon and aluminum were simulated and compared to these
properties of reference substrates without any structures on it.
For 3-dimensional simulations, a silicon substrate of size 4 µm X 4 µm X 1.2 µm
is used. A plane wave source of wavelength range 100 nm to 800 nm is chosen as the
broadband electromagnetic radiation. A perfectly-matched layer (PML) absorbing
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boundary condition is selected in z-direction while periodic boundary conditions are
selected in x and y directions for reducing simulation time and memory requirements.
Application of periodic boundary conditions is possible because built structures are
symmetric as well as periodic in x and y directions. 3-dimensional simulation views are
as shown in Figure 8.1.

Figure 8.1: FDTD simulation of bare silicon substrate with different simulation views
and optical output characteristics.
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Chapter 9

Results

9.

The main goal of the project was to create a low-cost broadband anti-reflective
layer by bio-mimicry of moth-eye structures. Various metrology tools were employed to
characterize the optical as well as the physical properties of fabricated layers. The tools
included atomic force microscope (AFM), and spectroscopic ellipsometer (WVASE).
Lumerical Solutions’ FDTD simulator was used for simulating optical characteristics of
AFM scanned surfaces and matching the ellipsometer results with simulations.
First of all, actual surface features before and after the deposition of masking
materials were observed with the help of AFM. A bare quartz wafer has very low
roughness while after deposition of masking materials such as aluminum or aluminum
oxide, surface roughness increases. This increase in surface roughness is because of the
evaporation conditions selected for this project. AFM images for these scanned surfaces
are shown in Figures 9.1 and 9.2 below.
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Figure 9.1: AFM scanned surface of bare Quartz Substrate.

Figure 9.2: AFM scanned surface of aluminum and aluminum oxide deposited on quartz
substrate.

After these samples are etched and the anti-reflective layer is formed, sample
surfaces are scanned again to observe the final roughness features fabricated at the end of
the process run. It was seen that the surface roughness is in the order of 10 to 15 nm. The
scanned images are shown in Figure 9.3 below.
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Figure 9.3: AFM scanned surface of etched silicon samples.

It was interesting to see the effect of etching the same samples twice, but the
second etch was without any masking material on top. It was found that, even though
most of the smaller surface roughness features are etched away, some taller features
appear after the double etch that are as high as 30 to 50 nm. The surface scanned images
of these samples is shown in Figure 9.4 below.
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Figure 9.4: AFM scanned surface of double etched silicon samples.

It is possible to import the surfaces scanned using AFM to ASCII files for
analyzing them further. An excel macro, ASCII to TXT file converter, was used to get a
text file of surface feature height at given location on 1 micron X 1 micron sample space.
It converts 512 X 512 raw data from AFM scan to excel spreadsheet table. This data can
be imported into FDTD simulator to characterize the surface in terms of its optical
properties by following the procedure as shown in Figure 9.5 below.
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Figure 9.5: Procedure to import surfaces from AFM scanned image to FDTD simulator
and resultant 3D views of an example.

Scanned images of samples from lot 400 were imported as surfaces in FDTD
simulator with a same file setup as the one explained in section 8.5. Optical
characteristics such as transmission through the structures and reflection at 0 degree angle
off the film layer were plotted using a Lumerical script file (*.lsf). This file is the same as
the one used for characterizing silicon substrate in chapter 8. It is not possible to calculate
scattered waves and their power because of absorbing boundary conditions. Thus, all the
power that is not transmitted as well as reflected is accounted as ‘loss in structures’.
Lumerical Solutions, Inc. uses similar notations for their online knowledge database
examples. Also, it is not possible to measure reflection at angles other than 0 degree for
simulated structures. Some of the sample structures and corresponding simulation results
of optical characteristics are given in Figures 9.6, 9.7, and 9.8. The cutoff for very low
reflection for 0 degree angle is at about wavelengths of 375 to 400 nm. Above this cutoff,
reflection increases slightly.
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Figure 9.6: AFM scanned surface of etched 401 and 402 silicon samples along with
corresponding FDTD simulated optical characteristics results.

Figure 9.7: AFM scanned surface of etched 403 and 404 silicon samples along with
corresponding FDTD simulated optical characteristics results.
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Figure 9.8: AFM scanned surface of etched 405 and 406 silicon samples along
with corresponding FDTD simulated optical characteristics results.

As explained earlier in this chapter, some of the samples from lot 300 and lot 400
were etched twice to see the effect of etching rough silicon structures without any
masking material on top. The etch was duplicated as per the Box-Behnken design for the
given samples. After the double etch, sample 401 lost most of its surface roughness while
a few newer and taller structures appeared in the scanned image for samples 402 and 403.
It is clear from the simulation results that the optical characteristics change only by a
small amount for samples that are etched twice compared to that of single etched
samples. A Lumerical script file, Reflection_AR.lsf, was written to compare the
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reflection properties of silicon, single etched, and double etched samples. It is shown in
Figure 9.9 below.

Figure 9.9: Reflection_AR.lsf script file for reflection profile comparison.

Results obtained using Reflection_AR.lsf script file for samples 401, 402, and 403
are given in Figures 9.10, 9.11, and 9.12 respectively.
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Figure 9.10: Comparison of reflection profiles of double etched 401 silicon
sample with single etched 401 silicon sample and bare silicon sample.

Figure 9.11: Comparison of reflection profiles of double etched 402 silicon sample with
single etched 402 silicon sample and bare silicon sample.
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Figure 9.12: Comparison of reflection profiles of double etched 403 silicon sample with
single etched 403 silicon sample and bare silicon sample.

A similar script file as Reflection_AR.lsf was written to compare different
samples based on the amount of power not sensed by the 0 degree reflection monitor. The
output profile from this script file is given in Figure 9.13 below. As explained earlier, this
power accounts for transmitted power through the structures to the transmission monitor,
power lost in the structures themselves as well as in the silicon substrate area present in
the path of input wave before the transmission monitor, and scattered power loss due to
rough surface structures. It is seen that a substantial amount of power is unable to reflect
straight back at the input source by incorporating rough structures on the substrate. This
‘1 – Reflected’ power is very high of about 98 to 99% for wavelengths smaller than 350
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to 400 nm. Reflection at 0 degree angle has seen to increase beyond this wavelength
cutoff but is still significantly lower than reflection from the bare silicon substrate.

Figure 9.13: Comparison of ‘1 – Reflection’ profile for lot 400.

Reflection and ‘1 – Reflection’ profiles similar to lot 400 were obtained for lot
300 samples. The results of reflectivity less than bare silicon substrate for all the etched
samples for lot 400 also hold true for single as well as double etched samples from lot
300. This shows that the process is repeatable. The comparison plots for lot 300 are given
in Figure 9.14 below.
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Figure 9.14: Comparison of Reflection and ‘1 – Reflection’ profiles for lot 300.

It was also important to see the effect of simulation region variations on the
simulation results. This is especially important because all the simulations so far were
performed with simulation region of 500 nm X 500 nm. These dimensions are very
comparable to the wavelength of the input plane wave source of 50 to 800 nm. Thus, the
region was increased from 500 nm X 500 nm to 1 micron X 1 micron as well as 2 micron
X 2 micron. For these larger regions, simulation divergence problems were encountered.
They were fixed by increasing PML kappa from 2 to 20 while decreasing dt time step
stability factor from 0.8 to 0.5. The simulation time increases drastically by these changes
but they help the simulation to converge. FDTD simulation region setup windows are as
shown in Figure 9.15 below.
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Figure 9.15: FDTD simulation region setup windows and standard simulation
parameters.

It was found that simulation region dimensions have very insignificant effects on
the simulation results. This proves that X and Y periodic boundary conditions work as
anticipated by assuming the given structure repeats infinitely in those directions. The
comparison plot for these simulation runs is given in Figure 9.16 below.
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Figure 9.16: Effect of simulation region variations on FDTD simulation results.

VASE was used to measure the reflection of light generated using HS-190 Light
Source off single etched, double etched, and silicon substrate samples. Section 7.1 gives
information about Woollam ellipsometer, VASE. It is not possible to measure reflection
at angles less than 15 degrees. Also, monochromator of the VASE tool can only generate
light with wavelengths 240 nm or higher. Thus, it is not possible to exactly compare these
results to that of the FDTD simulations. VASE reflection data obtained for wavelengths
240 to 800 nm for angles from 20 to 80 degrees is shown in Figure 9.17 below.
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Figure 9.17: Reflection data obtained using VASE (Note: The double etched
data overlays the silicon substrate data).
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It can be observed that for almost all the angles under consideration, double
etched sample shows identical reflection properties as that of silicon substrate. However,
for angles 60 degrees and lower, single etched sample gives off 10 to 15% lower
reflection than silicon substrate for wavelengths lower than 400 nm. This cutoff
wavelength is very consistent with the one from simulation results. For higher
wavelengths though, all three curves overlap each other. The lower reflectivity of single
etched sample is restricted to cutoff wavelength of around 300 nm for angle of 70
degrees. For higher angle of 80 degrees, there is in fact a slight increase in light
reflectivity for wavelengths 300 to 500 nm.
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Chapter 10

Conclusion

10.

In conclusion, a low-cost broadband anti-reflective layer for wavelength range of
50 to 400 nm was simulated and implemented using bio-mimicry of moth-eye
structures. FDTD simulations were carried out using Lumerical Solutions’ FDTD
simulator and similar numerical results to that of ellipsometer measurements were
obtained.
A very thin film deposition of masking materials such as aluminum and aluminum
oxide was carried out at RIT’s SMFL using the evaporation tools as well as a sputter
tool. Quartz wafer pieces were used as substrate to characterize deposited film
optically using WVASE ellipsometer and structurally using DI3000 AFM. It was
found that the effective refractive index of thin masking materials is different from
thicker films and is dependent on the thickness of thin films. AFM surface scan of
deposited thin films showed that it was very difficult to get nanoparticle deposition of
thin films using any of the deposition tools employed for this study. This can be
attributed to the fact that there is no mechanism available at SMFL to keep the
substrate at very low temperature during the deposition process. Substrate cooling is
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generally employed to prevent deposited nanoparticles to move around the surface of
the substrate and form a continuous film. It is also very difficult to deposit a
monolayer of masking material using the available toolset.
Implementation of plasma etching processes was the key mechanism to form
random surface roughness features similar to moth-eye structures. Trion RIE tool
available at SMFL was used to carry out this etch. It was found that use of argon along
with standard silicon etch gases was very beneficial. Argon helps create a few
openings in a continuous aluminum film. Thus, even though it was not possible to
deposit nanoparticles of aluminum using evaporation or sputtering techniques, argon
in the RIE process removed some of the thinner regions of aluminum and exposed
underlying silicon for etching.
After the RIE process was complete, wet etch of aluminum nanoparticles was the
next crucial step in the process flow. As silicon is also etched in the wet etch
chemistry, it was important to avoid overetching of samples. Visual endpoint
inspection served really well for stopping the etch process. Samples that are etched
longer are worse in terms of surface roughness than samples that are etched twice.
This can be explained by the fact that native oxide layer grown after the first etch
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helps some of the structures to sustain the second etch. It helps creates taller features
on the sample’s surface but loosing most of the other roughness features.
AFM scans of the sample surfaces were repeatable as well as similar for scans
performed at various scan sizes and directions. Imported surfaces from these scans
proved very convenient to simulate using FDTD simulator. Simulation results for
samples in the same experimental lot as well as different experimental lots were
similar. Variations in the simulation region setup had negligible effect on the
simulation results.
WVASE ellipsometer reflection measurements off actual samples were
comparable to FDTD simulation results in terms of determining the upper cutoff
wavelength for anti-reflection. This cutoff wavelength was found to be around 350 to
400 nm. The fabricated layer loses its antireflective properties above this cutoff
wavelength. The targeted wavelength band for antireflective layer of solar spectrum
from 350 to 800 nm was not fabricated. It is because of the inability to deposit
masking materials of desired sizes through precise control of grain sizes and grain
boundaries of the deposited material. Period of the nanostructures was found to be
around 30 to 45 nm for actual fabricated samples as opposed to the ideal requirement
of around 70 nm. Due to this smaller period, it was not possible to RIE the samples as
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deep as 150 to 200 nm without etching away rough features in aluminum wet etch. As
per the AFM scans, the maximum height of the current features is around 50 nm.
Substrate cooling mechanism, if employed, would definitely yield in material
deposition with larger grain sizes and, therefore, creating antireflective layer for
broader wavelength band.

Key Conclusions:
•

A low-cost broadband anti-reflective layer for wavelength range of 50 to 400 nm
was simulated and implemented using bio-mimicry of moth-eye structures.

•

Ellipsometer measurements match the results of FDTD Solutions’ numerical
simulations.

•

Simulation results show that the layer is anti-reflective over 50 to 350 nm
broadband of wavelengths at 0° angle of incidence.

•

Ellipsometer reflection measurements off the actual samples at multiple angles of
light incidence show 10 to 15% decrease in reflection for 240 to 400 nm
wavelengths.

•

Results are repeatable for similar DoE runs performed on different sample lots.
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•

Period of fabricated structures is around 40 nm while the maximum height is
about 50 nm.

•

Use of argon along with standard silicon etch gases was very beneficial.

•

Overetch should be avoided during aluminum wet etch of samples.

Future improvements
•

Substrate cooling during masking material deposition;

•

Improvements in the dry etch DoE;

•

Perform FDTD simulations to calculate reflection at multiple angles of light
incidence; and

•

Using a very sharp tip for the AFM scan.
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